T he decline in water supply for irrigation in the Texas High
Plains is encouraging some growers to convert annual cropland to perennial, water-frugal forages for producing hay and grazing cattle (Bos taurus L.). 'WW-B.Dahl' old world bluestem [Bothriochloa bladhii (Retz) S.T. Blake] is a well-adapted, warm-season (May-October), perennial bunchgrass in dryland and limited water conditions (Philipp et al., 2005) . Its 3-to 5-wk delay in flowering compared with other old world bluestems (Bothriochloa spp.) is an added attribute for cattle producers favoring a good-quality forage (Dewald et al., 1995) . WW-B.Dahl, originating in India, was selected as a superior old world bluestem cultivar for use in the subhumid to semiarid Southern Great Plains of the United States after extensive testing in Oklahoma and Texas (Dewald et al., 1995) . Some old world bluestems confer a distinctive aroma in late summer caused by essential (volatile) oils (Pinder and Kerr, 1980; Villalobos et al., 2003) , a trait associated with deterrence of some types of insects (Zalkow et al., 1980) . Compared with adjacent fields of bermudagrass [Cynodon dactylon (L.) Pers.], WW-B.Dahl (henceforth OWB) had ?75% fewer red imported fire ant (Solenopsis invicta Buren, RIFA) mounds when averaged over 25 sites in Texas (Sternberg et al., 2006) . Bhandari et al. (2018d) reported almost zero RIFA and harvester ants (Pogonomyrmex spp.) in pastures containing OWB, whereas native grass communities dominated by Bouteloua spp. had the greatest number of total arthropods, including great abundances of RIFA and harvester ants. Another study on
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ABSTRACT
The semiarid Texas High Plains has a declining water supply for irrigated crop production because of unsustainable pumping from the Ogallala aquifer. Conversion of land from annual crops to limited-irrigated perennial forages is an option for profitable land use. 'WW-B. Dahl' old world bluestem [Bothriochloa bladhii (Retz) S.T. Blake, OWB] is a well-adapted grass known for deterring some soil-dwelling insects, but effects of OWB on insect pollinators are unknown. The aim of this study was to determine whether adapted forage types (species or mixtures) affected insect pollinator abundance in pastures. Foraging insects were collected using bee bowls and compared among OWB alone, OWB mixed with alfalfa (Medicago sativa L.), alfalfa, and a native grass mix. Twentyone families from four orders of insects were recovered over 3 yr. Sweat bee (Hymenoptera: Halictidae) was the most abundant family, with 59% of the total number of insects collected. Honey bees (Hymenoptera: Apidae) constituted an additional 17% of the total number of insects collected, with hover flies (Diptera: Syrphidae) and skippers (Lepidoptera: Hesperiidae) found in lesser abundances. Interactions between forage type and years restricted consistent forage-type effects. In general, the lowest abundances of foraging insects were commonly found in OWB growing alone, especially of the native, ground-nesting sweat bee, whereas greater abundances were more commonly found in native grass and alfalfa pastures. the same pastures demonstrated a numerical tendency for deterrence of horn flies (Haematobia irritans L.) on cattle grazing OWB, but horn fly densities were not consistently reduced (Bhandari et al., 2018c) . In contrast, no clear inhibitory effects of OWB on canopy arthropods (Bhandari et al., 2018b) and soil microbial community (Bhandari et al., 2018a) were found. Insect pollinators facilitate the reproduction of ?87% of the world's wild flowering plant species and therefore are essential components of sustainable terrestrial ecosystems (Ollerton et al., 2011) . A general global decline of insect pollinators imperils their pollination services (Potts et al., 2010; Kopec and Burd, 2017) , which threatens the persistence of dependent plant species in native ecosystems and fruit productivity of a large variety of food crops (Clough et al., 2014) . Pollinator populations can be enhanced through management of undisturbed or infrequently disturbed habitats in agricultural landscapes (Tscharntke et al., 2005) .
Seminatural grasslands generally harbor diverse plant communities (Wilson et al., 2012) , which serve as favorable habitat for pollinators (Ockinger and Smith, 2007) . In general, the abundance of herbivorous insects in nonnative plant communities is less than in native plant communities (Yela and Lawton, 1997) . Abundance of flowering plant species promotes the abundance of insect pollinators (Cole et al., 2015) . Pollinating insect populations are also influenced by the areal coverage of flowers and flowering-plant richness (Scheper et al., 2013) , and by the composition and phenology of seasonal flowering (Holland et al., 2015) . Increasing the number of plants that depend on bees for pollination enhances bee abundances (Clough et al., 2014) . Butterfly (Lepidoptera: Nymphalidae) abundance was greater in fields hosting sufficient numbers of plants that serve as hosts for butterfly larvae than in fields with a low abundance of host plants (Ouin et al., 2004) . Planting native wildflower seeds in mixture provides a favorable pollinator habitat owing to a diversity of pollen and nectar sources throughout the growing season (Carvell et al., 2007) . In contrast, introduced forages, usually managed as one species or in low-diversity stands, usually reduce insect species richness compared with diverse native habitats (Hartley et al., 2004) .
The purported benefits of OWB for drought tolerance and deterrence of RIFA and harvester ants are documented (Bhandari et al., 2018d ), but it is not known whether wider establishment of OWB for pastures in the southern High Plains would compromise pollinator communities. Hence, information is needed on plant-pollinating insect communities in pasture systems that include OWB. The aim of this study was to determine whether adapted forage types (species or mixtures) affected insect pollinator abundance in pastures in the Texas High Plains, with the null hypothesis of no negative effects of OWB.
MATERIALS AND METHODS

Research Site Description
The study was conducted during the summer to early fall grazing seasons of 2014 to 2016 at Texas Tech University New Deal Research Farm located in Lubbock County (33°45¢ N, 101°47¢ W; 993 m asl) near Lubbock, TX. The soil was almost level (0-1% slope) with predominantly Pullman clay-loam (fine, mixed, thermic Torrertic Paleustolls) and containing a root-restricting caliche (CaCO 3 ) layer at the 60-to 120-cm depth. This insect survey was performed on pastures concurrent with beef cattle grazing research on different forage types among which cattle were rotationally stocked within each of three replications. Details on pasture establishment, grazing management, and stocking rates were provided by Baxter et al. (2017) , which was present only in spring and early summer of 2015, so this treatment is henceforth referred to only as OWBalfalfa. The alfalfa-tall wheatgrass mixture consisted of 10% or less of tall wheatgrass and is henceforth referred to as alfalfa. In 2014, cattle did not graze the native mix and grazed alfalfa for only 3 d (Table 1) . During each year, excess forage from OWB and alfalfa was harvested for hay, whereas native grass mix and OWB-alfalfa were harvested only in 2014 (Table 1 ). The local landscape consisted of contiguous perennial and annual pastures on a ?370-ha research station, surrounded by clean-tilled land of annual row crops with very little wildland. Underground drip tapes (Netafim) on 1-m centers and ?36 cm deep were used to provide supplemental irrigation to OWB, OWB-alfalfa, and alfalfa pastures. The native mix was not irrigated. Pastures of OWB and OWB-alfalfa received up to 23 cm of irrigation, and alfalfa received up to 30 cm of irrigation annually.
Bee Bowl Procedure
Bee bowls are designed to trap bees through attraction of foraging insects to preferred colors (i.e., fluorescent blue, yellow, and white), and they also trap other foragers that are attracted to bright colors (Shapiro et al., 2014) . Therefore, to provide a stationary trapping method for foraging insects (mostly pollinators) across adjacent forage types, we used bee bowls (New Horizons) positioned at ground level. Placing bee bowls on the ground instead of hanging traps minimized attraction of individuals from a distance and across replicate patches. The ground-nesting and foraging habits of native bees prompted the use of bee bowls in trapping bees in this study because nonnative bees were expected to be less common in this region (Warriner and Hutchins, 2016) . Bee bowls (104 mL) were set between 0900 and 1200 h each day on mostly clear-sky days from June through October. Ten bee bowls painted with fluorescent yellow inside were set in each transect of 45 m with 5-m distance between adjacent bowls. Three transects with a total of 30 bee bowls were set in each pasture replicate. Bee within years and among years using Proc Mixed in SAS 9.4 (Littell et al., 2006) , with forage type set as a fixed effect and pasture replicate set as a random effect. Means were compared using the LSMEANS procedure. Differences were considered significant at a = 0.05. Analysis of variance was not conducted on order Coleoptera because of its high frequency of zero counts and thus very low family means (Table 2) . Coleoptera data were only included in the analysis of total insect abundances (Table 3) . Apidae, Halictidae, Pieridae, and Syrphidae were the only families compared for forage type effects because of sufficient data.
To further analyze the community composition of families, the Shannon-Wiener method (Shannon and Wiener, 1998 ) was used to calculate family richness and a family-level diversity and evenness index by forage type, whereby richness = the number of families within each experimental unit
where P i is the proportion of total sample represented by family i
evenness = H/ln(richness)
These indices were analyzed for differences among forage types using ANOVA.
RESULTS AND DISCUSSION
Abundances of foraging insects recovered from bee bowls are listed in Table 2 . Twenty-one families from four orders (Coleoptera, Diptera, Lepidoptera, and Hymenoptera) were collected over the 3 yr. The most abundant family collected was Halictidae (i.e., sweat bees and others), which accounted for 59% of the total number of individuals collected over the entire study period. Apidae (i.e., honey bees and other bees) was the second most bowls were filled with a water and dish soap solution (?5-10 drops of Dawn liquid soap per liter of water) after placing along transects in each pasture replicate. Bee bowls were left in the field for 24 h, after which insects from all bowls were collected and transferred into labeled glass jars containing 75% ethanol for preservation. Each insect taxon was identified to the level of order and family, and abundances of these were compared across forage types. In 2014, bee bowls were set after cattle grazing was terminated for the season and cattle were removed (Table 1) . Timings of setting bee bowls in 2015 and 2016 were immediately after cattle were rotated out of the various forage types. Each alfalfa replicate was subdivided into three grazing strips in 2015 and 2016, and bee bowls were set in a strip not occupied by cattle. At times of sampling, OWB was in anthesis to full-bloom stages in 2014, in vegetative (pre-boot) stage in 2015, and in heading to anthesis stages in 2016. In OWB-alfalfa in 2015, sweetclover was in late-flowering to mature-seed stages. Alfalfa was in fullbloom stage in 2015 in OWB-alfalfa and alfalfa treatments. Alfalfa had 2% bloom or less at 20-cm height in 2014 and was nonflowering at 15-cm height in 2016. By 2016, the alfalfa stand had thinned relative to previous years to ?50% crown cover before bee bowls were set.
Data Analysis
A randomized complete block layout was used in analysis of variance consisting of four forage types and three replicates for within-year tests. Years were also combined to test for main effects of forage type, year, and forage ´ year interactions. An experimental unit consisted of the sum of insect abundances across all bee bowls within an individual pasture. A log(x + 10) transformation was used for the total number of individuals only in the order Diptera and family Pieridae in the order Lepidoptera to accommodate the zero counts and normalize the data distribution. Data were analyzed to compare forage types Table 1 . Number of grazing days in each pasture replicate per year, dates of cutting forage species for hay, dates of bee bowl collection by forage type and year, and temperature data and rainfall totals over the range of collection dates by year. abundant family. When combined with the Halictidae, these two families constituted 76% of the total individuals. Syrphidae (i.e., hover flies) and Hesperiidae (i.e., skippers) were the next most abundant families. The least abundant family reported was Chrysomelidae (leaf beetles). Foraging insect abundances were affected by forage type ´ year interactions in most cases (Table 3 ). The interaction for total number of insects across all orders (P < 0.01) is explained by an inconsistent relative ranking of forage type means, in that the native mix had the greatest number in 2014 (P < 0.01), with a similar tendency in 2015 (P = 0.08). The lowest abundances tended to occur in OWB, although not always significantly. The Coleoptera were rare across samples and were therefore excluded from further analyses. Dipteran responses to forage type showed greatest numbers in the native mix (P < 0.001) in 2014. This response did not occur in the other years, hence the significant forage type ´ year interaction (P = 0.02). The family Syrphidae composed 82% of the Dipterans and thus explained the trends observed in total Diptera. The Hymenoptera were least abundant in OWB in 2014 and were most abundant in the native mix in 2014 and 2015, but not in 2016, which explains the forage type ´ year interaction (P < 0.01). Lepidopteran abundances showed no forage-type effect and no interaction with year. Table 3 . Abundances of total pollinators and foraging insects of the orders Diptera, Lepidoptera, and Hymenoptera recovered in bee bowls by forage type during 3 yr and averaged over three replicates. Insect  Forage  2014  2015  2016 Mean
OWB-alfalfa 188bc 84 51b 108b
Alfalfa 220b 105 90a 138b
Native mix 303a 184 35b 174a
Forage effect P < 0.01 P = 0.08 P < 0.01 P < 0.001
OWB-alfalfa 16b 9 <1b 9ab Alfalfa 17b 17 6a 13a
Native mix 52a 8 0b 20a
Forage effect P < 0.001 P = 0.22 P < 0.001 P = 0.01
Native mix 221a 169a 29b 140a
Forage effect P < 0.01 P = 0.03 P = 0.01 P < 0.001 native grass pastures and intermediate in the alfalfa treatment. The deterrence of ants by OWB (Bhandari et al., 2018d) was not expressed to a similar extreme as pollinators in this survey, fortunately so because RIFA and harvester ants are troublesome pests, whereas pollinators are considered beneficial insects through their provision of pollination services in wild vegetation and agricultural crops (Ollerton et al., 2011; Cusser et al., 2016) . We found no publications about the effect of OWB on pollinating insects; thus, this appears to be the first evidence that OWB can depress insect pollinator abundance relative to communities supported by local stands of native grasses. In 2014, Halictidae, a native bee taxon, was most abundant in the native mix and alfalfa and, in 2015, tended (P = 0.09) toward greatest abundance in the native mix (Table 4) . Syrphidae were most abundant in the native mix in 2014. These results agree with the generally greater groundactive arthropod abundances in the native mix compared with OWB and alfalfa (Bhandari et al., 2018d) . Across all forage types, total insect abundances (Table 3) were greatest in 2014 and least in 2016 (P < 0.001, yearly means across forage types not shown). The year effect on total insect abundance was explained largely by the decline in annual abundances in the Halictidae family (Table 4) . Differences in total number of insects across years were not as clear as forage-type effects. In A closer analysis of Hymenoptera focused on four families, but only two families are shown (Table 4) . Forage type interacted with year (P < 0.001) for Apidae numbers in that abundances were greater for native mix in 2015 but not in other years. Halictidae also showed a forage type ´ year interaction (P < 0.001) in that its abundance was greatest in alfalfa and native mix in 2014, and in alfalfa in 2016. High variability among replications in 2015 prevented a significant comparison that year. Pieridae, although detectable at low abundances (not shown), were not affected by forage type. Trends in Syrphidae (not shown) explained essentially all of the Diptera responses (Table 3) .
Family-level richness in 2015 was the least in OWB with six families ( Table 5 ). Pastures that contained alfalfa generally showed greater values of Shannon's diversity index, whereas the native mix had the lowest values, indicating that alfalfa contained a greater evenness of individuals across more family numbers when compared with the native mix. The native mix had the lowest evenness, in part attributed to the dominance of the few Hymenopteran families in this forage type. Moreover, the relatively low diversity and evenness of the native mix in 2015 can be explained by this forage type having large numbers of honey bees and sweat bees and relatively low numbers of other families.
Two trends related to the family-level analysis emerged from this study. Taxon abundances were frequently among the least for OWB and greatest for the native mix, but those trends differed by year and taxon. Low abundances of OWB were detected for Apidae in , Halictidae in 2014 (Table 4) , and Syrphidae in 2014 (not shown). In no case were pollinator numbers significantly larger in OWB than other forage types. These trends agree to some extent with Bhandari et al. (2018d) on the same fields, in which OWB pastures were nearly completely devoid of RIFA and harvester ants, whereas ants were usually the most abundant in Table 4 . Abundances of Hymenopteran families of Apidae (honey bee) and Halictidae (sweat bee) recovered in bee bowls by forage type during 3 yr and averaged over three replicates. 2014, samples were collected in October when OWB was in the seed production stage and conditions were moister and cooler, compared with June 2015 and July-August 2016 when native grasses were in pre-bloom and bloom, respectively, whereas OWB was vegetative. In contrast, more insects were collected from alfalfa in 2016 (Table 3) despite the fact that 2% or less of alfalfa stems were in bloom during 2016 sampling. We expected greater pollinator abundances in the OWB-alfalfa and alfalfa pastures in 2015 because of abundant blooms in alfalfa that year. Possible reasons for the larger numbers of pollinators reported in the native mix despite a low abundance of flowering forbs are habitat structure and adaptation. Most native bees in Texas are ground nesters and prefer welldrained, sparsely vegetated patches of bare ground habitat (Warriner and Hutchins, 2016) , and lack of irrigation resulted in sparse, low-biomass stands and lack of standing water. The diversity of perennial grass species in the native mix may have provided favorable floral and nesting resources for the native, ground-nesting Halictidae, which coevolved in the High Plains ecosystem. Tscharntke et al. (2005) reported that agricultural landscapes preserved in a seminatural or undisturbed condition favor pollinators compared with repeated disturbances. The native grass mix was cut for hay only once in 2014 (but not grazed), and not cut for hay in 2015 and 2016, whereas the other forage types were grazed frequently and cut for hay in all years. Lack of disturbance of diverse vegetation could preserve habitats for pollinating insects by providing a more consistent supply of resources and nesting sites compared with the low-diversity forage types that were cut for hay.
CONCLUSIONS
This survey of pollinator insects was prompted by previously reported inhibitions of field colonization of RIFA and harvester ants in OWB pastures compared with native grasslands. Deterrence of beneficial insects such as pollinators was studied to gauge one type of ecological impact of plantings of OWB as Texas High Plains land converts from irrigated row-crop production to grazingland. The clearest result was that OWB and OWB-alfalfa pastures showed significantly lower abundances of honey bee, sweat bee, and hover flies than native grass pastures in 1 out of 3 yr. This suggests that widespread adoption of OWB may reduce local numbers of pollinator insects in the Texas High Plains. It is not known whether the depressions of pollinators in the non-native pastures are ecologically detrimental in a large landscape because such an assessment would require larger scale collections that include major row crops in the region. Among the three principal insect orders collected, the numbers of foraging insects were substantially high in OWB pastures in fall 2014, relative to summer sampling in other years, reflecting a favorable sampling time. Although OWB exhibits some inhibition of pollinating insects within two bee families, pollinator populations are not severely threatened by planting OWB pastures. Nonetheless, native grasslands are likely providing habitat resources that are less available in the non-native forages.
